A rapid assay for retroviral reverse transcriptase activity released into the culture medium by infected cells was developed. With the assay, 4,000 clonally infected cell lines could be tested in a few hours. We have adapted the assay for use as a screen for the detection of spontaneous viral mutants. Mutants of Moloney murine leukemia virus have been isolated which (i) produce a thermolabile reverse transcriptase, (ii) are temperature sensitive for release of enzyme activity, or (iii) can only productively infect cells already producing gag-related polypeptides. The assay has also been useful for the isolation of nonproducer cells infected with various replication-defective transforming viruses.
A rapid assay for retroviral reverse transcriptase activity released into the culture medium by infected cells was developed. With the assay, 4,000 clonally infected cell lines could be tested in a few hours. We have adapted the assay for use as a screen for the detection of spontaneous viral mutants. Mutants of Moloney murine leukemia virus have been isolated which (i) produce a thermolabile reverse transcriptase, (ii) are temperature sensitive for release of enzyme activity, or (iii) can only productively infect cells already producing gag-related polypeptides. The assay has also been useful for the isolation of nonproducer cells infected with various replication-defective transforming viruses.
Most knowledge about retroviruses has been gained by direct biochemical analyses of virion nucleic acids and proteins. Very little is known about the function of each virus-encoded protein in the life cycle, largely because very few mutants mapped to specific proteins and affecting specific functions have been isolated. In the murine system, there have been temperature-sensitive mutants isolated with impaired gag and gag-pol cleavage and reduced virus release at 390C (16, 19) . Nonconditional mutants with altered protein phenotypes have been described (15) . There also have been reports of early mutants found to have temperature-sensitive polymerase and RNase H function (17) , and a nonconditional pol mutant has been described recently (4) . Finally, mutants which release particles which cause no plaque formation in the XC assay (XC-mutants) have been described (5, 9, 10) . Few of these mutants have been mapped on the genome or ascribed to proteins, and the lesion in most of the early and late mutants remains unknown. More mutants have been described and mapped in the avian system. gag processing mutants have been described, and nonconditional mutants in gag support the idea that gag proteins are required for successful virion assembly (8) . The behavior of a mutant in p15 confinms its probable role as the protease responsible for gag and gag-pol cleavage (11) . env mutants have been described (7, 14) which confirm the following about the env glycoprotein: its role in determining subgroup specificity, its necessary presence for viral infectivity, and its unimportance in virion assembly. Lastly, polymerase mutants with thermolabile activity are numerous (1, 6) , and mutants inpol maturation have been discussed (2) .
We have begun constructing a library of mutants of Moloney murine leukemia virus (MMuLV) blocked in various stages of the life cycle, which may be useful in assigning functions to the known proteins. To detect mutants, a rapid assay for the virus-encoded reverse transcriptase was developed by which several thousand clones of infected cells could be assayed in an afternoon.
MATERLA1S AND METHODS
Celis and viruses. The NIH/3T3 cell line was grown in Dulbecco's modified Eagle medium containing 10% calf serum. M23 cells were derived in this laboratory (15) . These cells contain a defective provirus of M-MuLV which encodes only the Pr659M protein. M-MuLV clone 1 was the source of infectious virus preparations and was used as our wild-type virus (3). Rauscher MuLV ts29 (R-ts29) was a gift from S. Aaronson (17) . Virus was titrated by the XC plaque assay (13 Immunoprecipitation of virus-specific proteins and gel electrophoresis of the proteins were as described previously (18) .
RESULTS
A rapid screen for release of reverse transcriptase activity. The protocol for assaying individual clones of cells for released reverse transcriptase activity is shown in Fig. 1 paper was washed and exposed to film for autoradiography.
A typical assay on 10 trays is shown in Fig. 2 Fig. 3A . In general, the clones released temperature-resistant enzyme which showed similar activity at the two temperatures; a few, however, released enzyme with a much reduced activity at 450C. A very few seemed to be cold sensitive. A total of 13 clones were selected (11 temperature sensitive and 2 cold sensitive), grown into larger cultures, and reassayed as described above. Of these 13, 10 were reproducibly thermolabile (Fig. 3B) ; their behavior was similar to that of the R-ts29, as previously described (17) . No consistently cold-sensitive clone was detected.
Biological properties of the reverse transcriptase mutants. Each of the 10 putatively mutant clones was grown at 320C, and each culture medium was harvested. The released virions were preincubated for 45 min at 32 or 390C and then titrated in XC plaque assays perforned at the same temperature. Of the 10, 5 never gave XC plaques under any condition and presumably were either uninfectious due to the mutation or were XC-negative variants of M-MuLV (5, 9, 10). Of the 10, 3 were XC positive, but showed no thermolability over that of the control wild-type virus (which lost 50 to 80% of its infectivity at 390C, relative to 32°C, in this experiment). The XC titers of representative members of this group (TSP-6H3 and TSP-11F8) are shown in Table 1 . The remaining two mutants (TSP-11A4 and TSP-6E9) were obviously more thermolabile than the wild type was in the XC assay; in separate experiments, they showed a 40-to 200-fold reduced titer at the higher temperature (Table 1) . They also had lower titers than did the wild type after 320C incubation. Thus, these two mutants, chosen only on the basis ofthe in vitro reverse transcriptase assay, were also thermolabile by plaque assay.
Kinetics of inactivation of reverse transcriptase. To confirm the qualitative results of the rapid assay, conventional reverse transcriptase assays were used. Virion harvests were collected from the mutant cell lines and preincubated for varying times in buffered medium at two temperatures, and then exogenous reverse transcription was allowed to proceed for 1 h. Three conditions were tested: (i) preincubation and assay at 250C; (ii) preincubation and assay at 390C; and (iii) preincubation at 390C and assay at 250C. Examples of inactivation curves for four of the mutants, along with control curves of wild-type M-MuLV and R-ts29, are shown in Fig. 4 .
Wild-type viral reverse transcriptase was inactivated approximately 50% in this experiment during preincubation at 25°C; it showed some additional loss when preincubated at 390C. In other experiments, the loss of activity was less but was generally 10 greater during preincubation at the elevated temperature. The activity, when assayed at 390C, was considerably reduced, independent of the time of preincubation. R-ts29 activity was stable at 250C, but extremely sensitive to preincubation at 390; 1 h reduced the activity 20-fold to undetectable levels even when the assay was performed at 25°C. Essentially no activity could be detected in any assay carried out at 390C.
The reverse transcriptase released by each of the mutant clones was more thermolabile than the wild-type enzyme. The enzymes produced by two of the clones (TSP-11A4 and TSP-6E9) were extremely temperature sensitive; like Rts29, they were rapidly inactivated by preincubation at 39°C (Fig. 4) 38, 1981 p30-sensitive for release of virus (Fig. 5) ; much less p30 was detected in harvests at the high temperature. Their behavior was similar to that of M-MuLV ts3 (Fig. 5) . In a similar way, the Rts29-infected line was temperature sensitive for release (data not shown). Thus, a number of independent reverse transcriptase mutants have been found to be, in addition, defective in their ability to assemble or release virions.
Isolation of mutants temperature sensitive for release of reverse transcriptase. The reverse transcriptase assay could also be used to detect and isolate mutations in retroviral proteins other than the reverse transcriptase itself. To detect clones with conditional mutations in any gene affecting assembly or release of virus, we chose to assay the reverse transcriptase released at each of two temperatures. Cells were infected as above and distributed to 10 trays of cloning wells. The clones were expanded for 20 days at 320C, and the culture medium was assayed at 250C (without a preincubation); then the medium over the clones was changed, and after 2 days at 390C, a second portion was assayed at 39°C. Comparison of the two assays revealed approximately 11 clones (out of 200 producing reverse transcriptase) which released less activity at the elevated temperature; seven of these proved to be consistently temperature sensitive for release upon retesting. No consistently cold-sensitive clones were detected.
Preliminary characterization of mutants temperature sensitive for release. The virions of seven clones which were temperature sensitive for release were tested biologically. Culture medium was harvested from each of the seven clones after incubation for 1 day at 320C. These harvests were then titrated in an XC plaque assay carried out at either 32 or 390C.
Wild-type virus showed a high titer at either temperature ( Table 3) . Four of the mutant clones either released virus which was XC negative in the assay at either temperature or released a very low titer of virus which was unde- ing the rapid assay, clonal isolates of M-MuLV can be tested for their ability to replicate in two different host cells. If one of the hosts already carries a defective provirus which provides one of the viral functions, then mutants in that function would be detected as host range mutants, able to grow on the host carrying the function and not on normal cells. Hosts expressing the env function could not be used to isolate env mutants because they are not superinfectible, but hosts producing gag or pol proteins could, in principle, be used to isolate mutants in the gag orpol gene. One such host cell was available to us in the form of the cell line M23 (15), a derivative of NIH/3T3 cells carrying a defective M-MuLV provirus and synthesizing only Pr659"9. Preliminary mapping (unpublished data) suggests that the provirus in M23 contains a 1.4-kb deletion mapping in the env gene, near the 3' end of the viral genome. This cell line has been found to synthesize a short viral RNA (15) which apparently directs synthesis of only Pr65V"'; no pol-or env-related protein has been detected. Because this host cell is superinfectible, in principle it would be possible to isolate gag mutants with this host, which would grow by complementation but which would not replicate in normal cells.
Accordingly, M23 cells were infected with wild-type M-MuLV and distributed to 10 cloning trays as described above. After 15 days at 370C, the cells were assayed for release of reverse transcriptase; at the same time, culture fluids were passed to fresh M23 cells and in duplicate to fresh NIH/3T3 cells. After 2 days, these cells were also assayed. Two clones were detected which released transcriptase activity and released virus which productively infected M23 cells but whose yield did not infect NIH/3T3 cells (Fig. 7) .
Analysis of the viral proteins synthesized by the two clones showed no alterations from wildtype controls (data not shown). Analysis of the virus released from these clones by XC plaque assay, however, showed a distinct difference between the clones and controls and confirmed the host range phenotype of these two mutants (Table 4). The supernatants were titrated on two hosts: M23 cells and NIH/3T3 cells. Wild-type virus, as well as wild type virus grown on M23 cells, showed identical titers on these two hosts. The virus released by the two clones showed a high titer on M23 and a very low titer on NIH/ 3T3 cells (Table 4 ). In addition, the mutant plaque numbers on M23 cells gave a linear response to dilution; their plaque numbers on 3T3 cells, however, dropped off very rapidly with dilution of the stock, suggesting that multiple hits were required to initiate an XC plaque. The data were consistent with the notion that two genomes were present in the virus preparations and that both must infect the same cell to produce a plaque. The virus would yield a higher and linear titer on M23 cells because these cells already contained one of the required viruses as an endogenous provirus.
Isolation of transformed nonproducer cell lines. A common problem in the analysis of replication-defective transforming viruses is the isolation of a transformed cell clone which is free of helper virus. We made use of the rapid reverse transcriptase assay to facilitate this procedure. A mixed stock of Abelson MuLV with its helper M-MuLV was collected from a producer cell. NIH/3T3 cells were infected at a low multiplicity (0.7 PFU/cell; 0.15 focus-forming units per cell), trypsinized, and cloned in microtiter trays. After growth for 13 days, the clones were assayed for released reverse transcriptase activity. Those clones scored as negative for release of reverse transcriptase were then scored visually for morphological transformation. In this way, several transformed nonproducer lines were rapidly isolated. In one representative experiment, 4% of the total clones showed the desired phenotype.
DISCUSSION
The reverse transcriptase assay described is rapid and inexpensive; several thousand clones can be screened in a day by one person. The assay is remarkably sensitive, allowing detection of activity from as few as a 100 cells. The screen is directly useful for cloning viruses and for the isolation of transformed nonproducer clones from a mixed virus stock of a transforming virus and its helper. In addition, the screen is extremely helpful in the identification of variant clones producing temperature-sensitive or host range mutants of retroviruses. We have isolated a small number of mutants of three types; more of each class and of other classes could easily be isolated for further analysis.
A remarkable finding implicit in our successful isolation of these mutants is the high frequency of spontaneous mutations which arise in putatively wild-type stocks of M-MuLV. Thermolabile and temperature-sensitive mutants were found in screens of only 200 to 300 clones; the frequency of recovery of mutants was in the range of 3 to 5%. This high frequency of appearance of mutations has been noted previously (15) 
